Abstract Yield and botanical composition of a given dry-land pasture are heavily influenced by rainfall distribution, and vary according to topography. Through analyzing these parameters, it is possible to identify patterns of spatial distribution, related to topographic characteristics, which can be used to improve spatial management of pasture. The main objective of this project was to assess the role of rainfall, temperature and topography in the spatial and temporal variability of pasture and establish models for predicting the spatial distribution and yield of certain plant species, based on its topographic characteristics. This study was carried out over three years, 2004 to 2006, in a dryland pasture located in Southern Portugal. The data obtained were analyzed as a function of distance to flow lines and the results demonstrate that certain topographical characteristics, associated with agronomic information, can be very useful in explaining the spatial and temporal variability of yield and the botanical composition of the pasture. The slope of the linear regression of the variables mentioned can be used to estimate the spatial variation of yield and the botanical composition as a function of distance to flow lines. The regression coefficient can be estimated from the annual rainfall, given the strong correlation between the two.
Introduction
In precision agriculture, the main goal is to understand and manage the variability that exists within an agricultural field. A key element in this process is making maps that show the spatial and temporal variability of yield or of the factors that are important for its interpretation, such as soil characteristics, temperature and rainfall.
Available soil water is one of the characteristics that has a large influence on the productivity of any crop (Afyuni et al. 1993; Sinai et al. 1981; Wright et al. 1990) . Various studies have shown higher productivity in the lower parts of fields due to less water restriction in these areas (Afyuni et al. 1993; Daniels et al. 1987; Sadler et al. 1995; Wright et al. 1990 ).
The influence of topography on the nitrogen cycle is well documented. When comparing soils from higher areas which have good drainage with soils from lower areas which have poor drainage, the latter have more microbial activity, mineralize more nitrogen (Merril and Zak 1992; Goovaerts and Chiang 1993) , and this influences the species composition (Groffman et al. 1993 ). These results suggest that the different topographic units are functionally very different, and thus require different management strategies. Topography also affects distribution of water across the field (Marques da Silva and Alexandre 2005; Marques da Silva and Silva 2006a, b) thus influencing soil water content. Marques da Silva and Silva 2006a, b have also shown that in dry-land farming productivity tends to decrease as the distance to flow lines increases.
In dry-land farming systems, this type of analysis can become complex since for a given geographical position, seasonal variability has a temporal influence on the soil water content and thus influences the inter-annual yield variation. (Kaspar et al. 2003) .
The objectives of this project were: (i) to study the role of rainfall, temperature and topography on the spatial and temporal variability of pasture and (ii) to develop models for forecasting yield and botanical composition of pasture based on topographic characteristics.
Materials and methods

Site description
This study was carried out in a region with a Mediterranean climate, characterised by most of the rainfall concentrated in the winter and very dry, hot summers.
The study used data collected from a 14 ha pasture parcel in Revilheira (Lat: 38.46120185; Long: -7.46002239), in the Alentejo region (Southern Portugal) . Within this, the experimental field is 6 ha. The predominant soil is a LUVISSOL (FAO 1998) with 16% coarse sand, 27% fine sand, 23% silt and 34% clay. Soil depths vary between 0.3 m at the higher field positions to more than 0.8 m at the lower positions. The majority of the soils of the area have low infiltration rates, with steady infiltration values lower than 8-10 mm h It may be considered that a three year period is not representative enough for a temporal study. However, in a Mediterranean climate, it is more important to have a number of representative years with regard to type of climate (dry years, average years and humid years) than to have repetitions. It can be decades before it is possible to have three representative years in this particular Mediterranean climate. With regard to this, the study was carried out under exceptionally favourable conditions as it was possible to consider the three types of climate within three consecutive years (October 2004 -September 2005 , October 2005 -September 2006 and October 2006 -September 2007 .
In September 2000, a biologically diverse pasture was sown in the field containing both legumes and grasses which were grazed by sheep all year round and up to 2003. With one application per year the field was maintained and improved by homogenous application of 54 mg kg -1 of P 2 O 5 (Peça et al. 2006 ) during the months of September/October.
Digital elevation model and topographic attributes
A topographic survey of the area was carried out using a 5 m 9 5 m sampling grid. The horizontal and vertical errors of this system were less than 0.02 m and 0.04 m, respectively. It was observed that the topography of the area under study has three clear types of relief position in the landscape: the valley with its flow lines; the slope which provides the transition between the flow lines and the ridges; and the ridges themselves. The difference in elevation between the highest and the lowest sampled points is 24 m. A grid-based digital elevation model (DEM, Fig. 2 ) with a 1 m resolution was constructed by importing point elevation data obtained from the topographic survey into ArcView software (ESRI 1999 ). An irregular network of triangles (TIN) was calculated on the basis of the point data. This vector information was converted into a raster Digital Elevation Model (DEM) using the 'Spatial Analyst v1.1' grid-based geographic analysis module (ESRI, 1999) .
Before deriving hydrologic and topographic attributes based on the elevation data, preprocessing was required to fill depressions known as sinks in the data. The process of filling increases the value of the cells in each depression to the lowest value on the depression boundary (Jenson and Domingue 1988) . This type of processing can greatly increase the measurement accuracy of hydrological flow directions.
Using the grid-based module Spatial Analyst v1.1 and the 'hydrology v1.1' extension of ArcView software (ESRI 1999) , the following attributes were derived from the Digital Elevation Models (Fig. 2) : flow direction, flow accumulation, local slope gradient (S, in degrees) (Horn 1981) , linear distance to flow accumulation lines (DFL, m) (Marques da Silva and Silva 2006a) using the 'Find Distance' command from the 'Spatial Analyst v1.1 (ESRI 1999)', and the specific catchment area (SCa, m 2 m -1 ) (Jenson and Domingue 1988) . According to Jenson and Domingue (1988) , the specific catchment area is proportional to the discharge per unit width, assuming that steady-state conditions prevail. For grid structures, the specific catchment area can be obtained through dividing the catchment area of the cell by the effective contour length. The specific catchment area was measured in m 2 m -1 . Considering the specific catchment area and the local slope gradient, the steady-state wetness index (W, m) was calculated according to Moore et al. (1988 Moore et al. ( , 1993a . The wetness index is given by W = ln(SCa/S). W is a hydrologically-based compound index and has been used to characterise the spatial distribution of surface saturation and soil water content in landscapes (Moore et al. 1988 (Moore et al. , 1993a . One of the applications of upslope or contributing area is prediction of the location of ephemeral gullies (Moore et al. 1988; Thorne et al. 1987) .
Nine classes of distance to flow accumulation lines (DFL, m), from 0 to more than 120 m (Fig. 3) were created, each with a 15 m range. Within the areas delimited by these classes and for all the variables, the minimum, maximum, average, standard deviation and coefficient of variation values were calculated.
Yield and soil data collection and analysis Taking into consideration the swath width of the fertilizer spreader, the experimental field was divided into 76 squares, each 28 m 9 28 m . Fig. 2 presents the topography of the area and the locations where soil and pasture samples were collected. In each field square, samples were taken from 1 m 2 areas where the pasture had been protected from grazing using pre-installed boxes, and stored in marked plastic bags. These samples were weighed to determine the green matter production per hectare, and sub-samples in small paper bags were placed in a 65°C oven for 48 h to determine the moisture content. The moisture content was used to calculate dry matter production. The remainder of each pasture sample was manually separated into three plant groups: grasses (Predominant species: Lolium rigidum; Poa pratensis), legumes (Predominant species: Trifolium subterraneum; Trifolium balansae) and others (Predominant species: Echium plantagineum; Chamaemelum fuscatum; Anagalis arvensis). Once separated, the plants were placed in paper bags, dried at 65°C for 48 h. These samples were used to determine the botanical composition of the total dry matter ).
Soil samples
In order to evaluate variability of the soil, 76 soil samples were collected each year during April. The samples were collected using a gouge auger and a hammer, at a depth range of 0-200 mm. 4 or 5 samples were taken along one of the diagonals of each square in the field and mixed to produce a composite sample . Soils were analysed for extractable phosphate (P 2 O 5 ) using the Egner-Riehm method (Riehm 1958) .
Analysis
The following parameters were considered for data analysis: (a) Absolute pasture dry yield (DM), kg ha (ESRI, 1999) . This was to ensure that each cell of the grid had data from at least three lines, avoiding the existence of cells with no information or nontypical information when adjacent values were considered.
Pasture management
Management operations for the pasture used in this study, which had been established three year before, were limited to surface application of phosphorous fertilizer, known as ''maintenance'', usually in October. The field was then used, together with other grazing lands, in a flexible rotation system for grazing sheep, throughout the year (Peça et al. 2006) .
The variations in the phosphate concentration during the study are presented in Fig. 4a , c, and e, the differential application of phosphate fertilizer is shown in Fig. 4b and d. To establish a balance between legumes and grasses, as well as increase the dry matter yield of the pasture, it was decided that all the areas containing less than 40 mg kg -1 of phosphorous would receive a larger dose of phosphorous fertilizer. The goal was to gradually increase the concentration of phosphate in the soil to about 100 mg kg -1 . To achieve this, variable rate fertilizer was applied according to the plan presented in Fig. 4b and d using a Vicon RS-EDW centrifugal spreader and Massey-Ferguson 6130, Datatronic 2 tractor, equipped with a FieldStar differentiated management system ).
Inter-annual spatial variability map
In uniformly managed fields, one can find considerable differences in spatial patterns and magnitudes of yield which are mainly linked to soil variation, water availability and earlier field operations. The most popular approach to managing field variability is the use of 'management zones'. A 'management zone' in a field expresses a sub-region of a field that has a relatively homogeneous combination of yield-limiting factors, for which a single rate of a specific crop input is appropriate (Vrindts et al. 2005) . Such definition of 'management zone' is valid if the soil characteristics introduce a limiting factor that is permanent. When these conditions are present, the spatial pattern of yield should be the same every year. Inter-annual spatial variability maps were obtained by calculating the mean for the same point over the three years. Temporal stability
The temporal effect that was studied involved the analysis of cases in which a given part of a plot of land produced above-average yield in a given year and below-average yield in a different year. Blackmore et al. (2003) called this variation 'temporal variance at a single point'. To quantify this variation, Blackmore et al. (2003) provided the following equation showing the deviation from the mean over time:
where: d 2 i is the temporal variance at point i; t is time in years from 2004 to 2006; Y t,i is yield for year t at point i; Y t is mean yield for the whole field for all years t; and n is the number of the years in the study. It was also considered that, similar to conventional statistics, temporal variance is the square of temporal standard deviation, the latter being a more useful way of presenting yield, as it is expressed as kg ha -1 . By definition, temporal variance is small if a given area of the field has a yield always near the mean; its yield is stable in temporal terms. Over the same period, if another area of the field sometimes approaches the mean and sometimes deviates from it then this can be regarded as an area of unstable yield in temporal terms.
Temporal variance maps can be classified as stable and unstable yield zones when a given temporal standard deviation sub-divides these two zones. Blackmore (2000) used a coefficient of variation (CV) of 30% to limit these two zones.
Results and discussion
Wetness index Figure 5 shows that soil near the drainage line remained wet for longer than soil from the line. When average and dry years are considered, these wet conditions in areas close to the lines of drainage can be favourable for plant growth. However, in wet years the same locations can represent the exact opposite, as excess water accumulation in these areas can be prejudicial for growth. . (Afyuni et al. 1993; Daniels et al. 1987; Stone et al. 1985) also reported a more uniform distribution of yield caused by topography during wet years.
Absolute dry pasture yield (DM)
Analysis of DM (Fig. 7) showed a clear tendency for greater yields in the valley areas in the average and dry years ( Fig. 7a and b) . Soil moisture seemed to be the determining factor for this spatial distribution (Fig. 6) . The wet year (Figs. 6 and 7c) confirmed this premise, as there were good yields in almost all of the studied areas without any special tendency related to topography. The DM temporal average map (Fig. 7d) shows that topography and seasonal humidity were the determining factors for distribution of DM. Analysis of the DM temporal stability (Fig.7e) revealed that the value of DM had the greatest stability near the flow lines [coefficient of variation (CV) between 0 and 20%].
Relative pasture yield (GDM) Figure 8 shows a tendency for grasses to be a larger proportion of the pasture dry matter in the sloped areas during the average and dry years (Figs. 8a and 6b ). Valleys and humid areas do not favour growth of these species. Three causes are usually associated with this behaviour: (i) sensitivity of these species to excessive water, which causes anaerobiosis in the soil and hampers plant growth (Afyuni et al. 1993); and (ii) areas that are more productive from the agricultural point of view are located in the valleys (Marques da Silva and Silva, 2006a) (Fig. 7d) , thus there is greater competition for nitrogen and other nutrients in these areas than in the less productive areas and, without nitrogen supplementation, the grasses have no competitive advantage over other species such as legumes. The wet year (Fig. 8c) confirmed the above suppositions, as there was a general decrease in the distribution of GDM in the field, either due to excessive water and/or deficient nitrogen supply. The GDM temporal average map (Fig. 8d) shows that in temporal terms, relief and seasonal humidity are also determining factors for the GDM distribution, since grasses are preferentially distributed in areas with lower soil humidity, growing better on slopes than in valleys. Analysis of temporal stability of GDM (Fig. 8e) 
Relative legume yield (LDM)
The LDM indicator (Fig. 9 ) reveals that, unlike grasses, there is a positive correlation between leguminous plants and the soil water content. In the average year (Fig.7a) , there was a larger percentage of legumes near the flow lines, that is, in the valley. In the dry year (Fig. 9b) , the legumes almost disappeared from the pasture and, in the wet year (Fig. 9c) , the legumes spread abundantly all over the field. Also here soil water content is a determining factor, as the legumes grow better in wet areas. Minimum temperature is another factor that influences the vegetative growth of legumes. These species with average temperatures below 10°C stop growing (Carvalho 1999) , while grasses stop growing only at around 0°C.
The reduced rainfall in October 2005-September 2006, along with a long period of low temperatures, in which temperatures fell below 10°C in November (7.1°C), December (4.9°C), January (1.5°C), February (0.5°C), March (6.6°C) and April (8.8°C), made October 2005-September 2006 a very unfavourable year for growth of legumes.
The LDM temporal average map (Fig. 9d) does not reveal any consistent tendency with relief.
The temporal stability of LDM (Fig. 9e) is poor, since the CV is greater than 50% in most of the area under study and, in some areas, it is even greater than 150%.
Relative yield of other species (ODM)
The indicator yield of other species, ODM (Fig. 10) , shows that in the dry year, these species were distributed along flow lines, that is, in the valley, and that in the average and wet years ( Fig. 10a and c) , there was no clear tendency that might relate their distribution to some topographic indicator or seasonal characteristic. The temporal average map of ODM (Fig. 10d) does not indicate any spatial dependency, although there is a greater distribution of ODM in the valley area. ODM has a reduced temporal stability (Fig. 10e) here as well.
Phosphorous fertilization and pasture yield
It was not possible to establish, in any of the years, a significant relationship between soil phosphorous concentration and the pasture yield maps. This demonstrates that, even for relatively low soil phosphorous levels, the main factor controlling pasture yield in dry-land agriculture is the rainfall. The temporal maps of phosphate concentration (Fig. 4a, c , and e) reveals that the areas that received the least phosphorous fertilizer (Fig. 4b and d) were the ones in which there was an increase in the phosphorous concentration. A phosphorous mass balance, considering that this element is extracted at the rate of approximately 2 gr kg -1 of produced dry matter (Abreu et al. 1982) , reveals that the evolution of soil phosphorous content does not correspond to the application map. This might be due to preferential deposition of phosphorous in animal excreta in the rest areas, and partly because it was considered that phosphorus extraction by plants is uniform all over the field, when in fact the actual phosphorous extraction varies throughout the field based on different factors.
The effect of distance to flow accumulation lines
The effect of distance to flow lines on absolute and relative pasture yield can be expressed through regression equations that correlate these variables. The absolute and relative pasture yields were analysed as a function of distance to flow lines using the same procedure as presented by Marques da Silva and Silva (2006a, b) for corn. This analysis produced the following maps as a function of classes of distance to flow line: average pasture yield (Fig. 11a) ; average relative grass yield (Fig. 11c) ; average relative leguminous yield (Fig. 11e) ; average relative other species yield (Fig. 11g) . Figure 11a shows that the average pasture yield decreased with the increase in distance to flow line, and that this effect was more visible in the dry year ( The reason for the greater yield near flow lines is that soil water content is higher in these areas.
The coefficient of variation (CV) of the average pasture yield (Fig. 11b) shows that average yield is more variable in areas close to flow lines than in areas further away from them. The coefficient of variation (CV) of the average relative grass yield (Fig. 11d) shows that in the areas closer to the flow line, the proportion of grasses was less stable in comparison with the average yield in areas further away from the flow line. This greater variability was emphasized in the wet year. Figure 11e shows that in the wet year, October 2006-September 2007, the average proportion of legumes increased with distance to flow lines, reaching a maximum at around 50 m. On the other hand, in the average year October 2004-September 2005, the average proportion of the legumes decreased with distance to flow lines, also reaching a maximum at around 50 m. In the dry year, October 2005-September 2006, the legumes almost disappeared from the pasture. In the wet year, the lower yield near flow lines was mainly due to problems arising from excess water or competition with other species. In the average year, greater yield near flow lines was due to more favourable soil water content in these areas. Lack of legumes in the dry year was due to reduced soil water content and the low temperatures mentioned above.
Precision Agric (2008) 9:209-229 223 The average relative leguminous yield had the highest coefficient of variation (CV) (Fig. 11f ) among all the analyzed species, revealing that the legumes were the most sensitive species to weather condition changes. Figure 11g shows that the behaviour of the average proportion of other species was very similar to that of the average yield of the pasture. The coefficient of variation (CV) of the relative yield of other species (Fig. 11h) was very homogeneous throughout almost all distances to flow lines, generally with a value of around 30%.
As in Marques da Silva and Silva (2006a, b) , it was decided to present the relation between the average pasture yield and the distance to flow line (DFL) by a linear equation:
where Y represents the average yield in kg ha
, or the average proportion of grasses, legumes or other species, in percentage; DFL represents the linear distance to the nearest flow line, in m; and ''a'' and ''b'' are linear regression coefficients (Table 1) .
The coefficients of determination (R 2 ) were relatively high for all the analysed variables except for the legumes (Table 2) , which demonstrates a significant relation between DFL and the other variables that were analysed.
In general terms, all the variables that were analysed, except for the proportion of grasses, decreased as DFL increased (negative value of b, Table 2 ). As far as dry matter is concerned these results are in agreement with the results obtained by other researchers who have recorded greater yield in lower areas (Afyuni et al. 1993; Kravchenko and Bullock, Silva and Silva, 2006a, b; Stone et al. 1985) , which are, in general, the zones of flow confluence and accumulation of water in the soil profile. On the other hand, the proportion of grasses increased with DFL (positive value of b, Table 2 ). The reason for this tendency is greater competition in the lower areas of the field and greater availability of nitrogen for growth.
Relationship between regression coefficient b and total annual rainfall The values of regression coefficient ''b'' (Table 2 ) represent the slope of the line that correlates the average yield, in kg ha -1 and the average proportion of grasses, legumes and other species, in percentage, with the linear distance to the nearest flow line. The greater the slope of ''b'', the greater will be the effect of linear distance to flow line on the dependant variable. This effect should be taken into consideration when managing the pasture, as it changes depending on the meteorological characteristics of the season. The ideal would be to obtain a ''b'' equal to zero.
When the regression coefficient ''b'' is plotted against the annual rainfall ( Fig. 12) , it can be observed that: (i) there is a very strong and significant linear relation (R 2 = 0.93) between the regression coefficient of pasture yield, ''b'', and the annual rainfall (Fig. 12a) , indicating that the drier the year, the more negative will be the linear regression coefficient; (ii) there is a relatively strong and significant (R 2 = 0.76) linear relationship between the regression coefficient ''b'' of the grass proportion and the annual rainfall (Fig. 12b) , indicating that the drier the year, the greater the value of the linear regression coefficient; (iii) there is not a significant linear relation (R 2 = 0.12) between the regression coefficient of the leguminous proportion, ''b'', and the annual rainfall (Fig. 12c) , indicating that in addition to rainfall, the regression coefficient ''b'' for these botanical species also depends on other factors; (iv) there is a relatively strong and significant relation (R 2 = 0.96) between the regression coefficient of other species, ''b'', and the annual rainfall (Fig. 12d) , indicating that the drier the year, the more negative will be the linear regression coefficient.
These types of relations can have important implications in fertilization management. If the objective is to maximize pasture yield and at the same time make efficient use of fertilizers, then the best strategy would be to fertilize at the beginning of autumn, assuming that the year will be dry and taking into consideration the spatial variability of pasture yield in previous years. As the months go by, the amount of applied fertilizer can be corrected according to rainfall and the yield of the different plant species in the pasture. In a dry year, in order to maximize pasture yield and the efficiency of fertilizers, there is no need for equal distribution of fertilizers all over the field, although this would be highly recommended in a wet year.
In precision agriculture applied to pasture, calculation of the regression coefficient ''b'' can be an important step in evaluating new fields, namely for establishing the proportion of the different botanical species, with implications for the quality of the pasture.
Conclusions
Topographic data used in combination with different types of agronomic information can be very useful in explaining the spatial and temporal variability of pasture yield, as well as its botanical composition at the field level. The spatial and temporal variability of pasture shows that its response is extremely dependant on the annual rainfall, and thus parameters such as distance to flow line can be used to explain differences in yield and botanical composition. The slope of the regression line between yield, botanical composition of the pasture and distance to flow line can be used as a parameter to estimate the interdependence of the variables. This coefficient of regression can be estimated from the annual rainfall, given the strong correlation between the two.
